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ABSTRACT 
Auto-tuning of t h e  maser c a v i t y  compensates f o r  c a v i t y  
pulling e f f ec t ,  and other  sources of contribution t o  the 
long t e r m  frequency d r i f t .  Schemes p rev ious ly  proposed 
for  the maser cavity auto-tuning can have adverse a f f ec t s  
on the performance of t he  maser. I n  t h i s  paper w e  propose 
a new scheme based on the  phase re la t ionship  between the  
e l e c t r i c  and the magnetic f i e lds  inside the cavity. This 
technique  has  t h e  d e s i r e d  f e a t u r e  of auto- tuning t h e  
cavity with a very high sens i t i v i ty  and without dis turbing 
t h e  m a s e r  p e r f o r m a n c e ,  Some a p p r o a c h e s  f o r  t h e  
implementa t ion  of t h i s  scheme and p o s s i b l e  a r e a s  of 
d i f f i c u l t y  are examined. 
Introduction 
The dominant cause of the long t e r m  frequency d r i f t  i n  t h e  hydrogen maser is 
the slow change i n  the  dimensions of the high Q cavity. Since the dimensions 
of t he  cavity must be held s t ab le  t o  approxiflttely one angstrom t o  maintain 
t h e  frequency of t h e  maser t o  one p a r t  i n  10 , it i s  d i f f i c u l t  t o  d i r e c t l y  
measure and con t ro l .  This  d imens iona l  change must be  overcome i n  some 
indi rec t  manner which senses the  cavity frequency o f f se t  and tunes the  cavi ty  
back t o  resonance. Aside from overcoming t h e  cavity pul l ing e f f ec t ,  auto- 
t un ing  can a l s o  enhance t h e  performance of t h e  maser by reducing  t h e  
sens i t i v i ty  t o  pressure var ia t ions,  and compensating f o r  anomalous frequency 
s h i f t s  of ten encountered i n  the  hydrogen maser. 
A numb r of t echn iques  have been p rev ious ly  proposed f o r  c a v i t y  auto- 
tuning , f-4 These techniques are essent ia l ly  based on e i t h e r  t he  modulation 
of t h e  a tomic  l i n e  width,  o r  t h e  sens ing  of t h e  c a v i t y  resonance. The 
technique proposed i n  t h i s  paper is  based on the  latter e f f ec t ,  and u t i l i z e s  
t h e  phase r e l a t i o n s h i p  between t h e  e l e c t r i c  and t h e  magnet ic  f i e l d s  in a 
f i n i t e  Q cavity. 
I n  t h e  remainder  of  t h i s  paper  b r i e f  d i s c u s s i o n s  of c a v i t y  auto- tuning 
methods based on atomic l i ne  width modulation and on resonance sensing w i l l  
f i r s t  be presented. The descr ipt ion of the auto-tuning scheme based on phase 
d e t e c t i o n  w i l l  t h e n  be given. F i n a l l y ,  a d i s c u s s i o n  of t h e  p o t e n t i a l  
advantages and disadvantages, and possible means of the  implementation, of 
the  method w i l l  be made. 
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. 
According t o  equation (11, t h e  mistuning of t he  cavity may be determined by 
changing the atomic l i n e  width. There a re  several  ways i n  which t h i s  may be 
accomplished. I n  the  f i r s t ,  and most common way, it i s  accomplished through 
the controlled modulation of the  atomic beam flux, which i n  t rn  influences 
the  contribution s f  the spin exchange e f f ec t  t o  the  line width, Y 
The modulation of the  atomic f l u x  may be accomplished i n  a number of ways, 
including the modulation of t he  input power of the hydrogen gas dissociator.  
The most popular method fo r  atomic beam f l u x  modulation however involves the 
chopping of the beam and thus controll ing the  number of atoms which en ter  the  
maser s t o r a g e  bulb  i n  t h e  cavi ty .  The r e s u l t i n g  change i n  t h e  maser ou tpu t  
frequency is  detected and used t o  determine the cavity mistuning and thus t o  
control the e f f ec t  of the cavi ty  dr i f t .  While t h i s  method has the advantage 
of s i m p l i c i t y  and e f f e c t i v e n e s s ,  i t  n e v e r t h e l e s s  s u f f e r s  from a number of 
problems inc lud ing  r ep roduc ib le  c o n t r o l  of t h e  beam chopper and adverse  
influence on the  performance of the maser due t o  periodic a l t e r a t ion  of the 
signal-to-noise r a t i o  i n  the maser and the e f f ec t  of the varying output power 
on the phase t r ans fe r  function of the electronics.  
Another tecn ique  f o r  vary ing  t h e  width of t h e  a tomic  l i n e  t h a t  has  been 
attempted i s  the  introduction of inhomogeneities i n  the magnetic f i e l d  i n  the  
maser cavity. The resu l t ing  frequency change i n  the maser output frequency 
would be detected and used as above. This technique has not been used because 
of the  d i f f i cu l ty  i n  achieving the proper kind of controlled inhomogeneity. 
Cavity Resonance Sensing Techniaue 
A number of techniques have been devised, i n  connection with the development 
of the passive hydrogen maser, t o  auto-tune the cavity by sensing the  cavity 
resonance. One such technique2 involves the  in jec t ion  of a s ignal  which has 
been square-wave frequency modulated by an amount approximately equal t o  the 
band-width of t h e  c a v i t y ,  and i s  centered  on t h e  a tomic  l i n e .  I f  t h e  c a v i t y  
i s  not  tuned c o r r e c t l y ,  t h e  two s i g n a l s  w i l l  be a t t e n u a t e d  by d i f f e r e n t  
amounts as they t raverse  the  cavity. This modulation of the’amplitude of t he  
injected s ignals  i s  then used t o  generate an e r ro r  s ignal  which corresponds 
t o  the  difference between the  cavity resonance frequency, and the frequency 
of the injected reference signal. 
A somewhat s imi la r  technique employs a s i g n a l  cen tered  on t h e  a tomic  l i n e  
which has  been modulated by a s i n e  wave t o  produce two side-bands 
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approximate ly  one c a v i t y  band- i d t h  apa t ,  w i t h  a 
enough t o  not perturb the maser peration? The mod 
i s  again used to generate an e r r o r  s ignal  whic 
resonance, Final ly ,  i n  y e t  another technique , the  cavity center f 
i s  square wave modulated about t he  hydrogen l i n e  frequency. The mo 
of the  amplitude is  again used to,measure the  frequency offset .  
While a l l  t h r e e  techniques  mentioned above a re  e f f e c t i v  
tuning, they nevertheless involve e i the r  t he  introdu 
c a v i t y ,  o r  modula t ion  of t h e  c a v i t y  frequency. 
d i f f i c u l t  t o  prevent the introduction of noise  i n  the  cavi  
of t h e  maser performance. Furthermore,  t h e s e  t echn iqu  
implement, and require  the use of low noise and high performance e lec t ronic  
components which are d i f f i c u l t  t o  develop. 
i s  t 
Cavity Resonance Sensinq by Phase Comoarison 
I n  a resonant  c a v i t y  t h e  energy i s  s t o r e d  i n  both t h e  e l e c t r i c  and t h e  
magnet ic  f i e l d s .  For a c a v i t y  of i n f i n i t e  Q,  t h e  E and H f i e l d s  are  i n  
tempora l  and s p a t i a l  quadra ture .  For a l o s s y  c a v i t y  t h e  tempora l  phase 
becomes an arccotangent function of the f r ac t iona l  frequency o f f se t  of t he  
s igna l  frequency from the  cavi ty  center frequency, normalized t o  the  cavi ty  
bandwidth. This  f a c t  i s  i l l u s t r a t e d  by t h e  i n p u t  impedance of t h e  c a v i t y  
shown i n  the Smith chart  of Figure (1). The cavity input impedance is s m a l l  
f a r  from resonance,  and complex n e a r  resonance. A t  resonance,  t h e  i n p u t  
impedance i s  real. This, too, implies tha t  t he  phase of t he  electric and the  
magnetic f i e l d s  may be used t o  determine the  cavi ty  resonance. 
The development of a cavity auto-tuning system based on the  ideas sketched 
above can be i l l u s t r a t e d  by t h e  fo l lowing ,  no t  n e c e s s a r i l y  optimum, 
technique. Two co-located,  weakly coupled probes,  one loop  and one d i p o l e ,  
can be used t o  d e t e c t  t h e  magnet ic  and t h e  e l e c t r i c  f i e l d s  i n  t h e  cav i ty .  
Signals from each probe may be compared i n  phase i n  a manner similar t o  t h a t  
i l l u s t r a t e d  i n  f i g u r e  (2). A d e v i a t i o n  of phase from 90 degrees  as d e t e c t e d  
by t h e  phase d e t e c t o r  i n  f i g u r e  (2) w i l l  t h e n  s i g n a l  t h e  d e p a r t u r e  of t h e  
cavity from resonance condition. The s ignal  from the phase detector  may be 
used i n  con junc t ion  w i t h  t h e  v a r a c t o r  t o  auto- tune t h e  c a v i t y  back t o  
resonance. 
The sens i t i v i ty  of t h i s  technique i n  tuning t h e  cavity may be i l l u s t r a t e d  by 
a simple calculat ion L e t  us assume typical  values of 35000 f o r  the  Q of the  
maser cavity,  and 10 f o r  the hydrogen l i n e  Q. Designating BW f o r  the cavi ty  
bandwidth w e  have BWs40571 Hz with these parameters. The cavity bandwidth 
co r  esponds t o  a phase s h i f t  of 90 degrees.  Assuming a s e n s i t i v i t y  of  1 x 
lo-' r a d i a n  f o r  t h e  phase d e t e c t o r ,  t h e  t chnique w i l l  be s e n s i t i v e  t o  a 
9 
f rac t iona l  frequency deviation of 4.6 x 10- 1% . 
The implementation of the  phase sensing of t he  cavity resonance w i l l  require  
c a r e f u l  des ign  of t h e  probes and t h e i r  l o c a t i o n ,  a s  w e l l  as low n o i s e  
a m p l i f i e r s  f o r  t h e  d e t e c t i o n  of t h e  s igna l .  Never the less ,  t h i s  method, 
unlike the  other  cavi ty  sensing techniques mentioned above, dispenses with 
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the  need of in jec t ing  s igna ls  i n  the cavi ty  and herefore  does not a d ~ e r s e l y  
af f e e t  maser performance, 
Summary 
We have examined a sens i t ive  technique f o r  auto-tuning of t h e  hydrogen maser 
cavity. The technique i s  based on detect ing the phase re la t ionship  between 
the  magnetic and the  e l e c t r i c  f i e l d s  i n  the  cavi ty  with appropriate probes t o  
maintain the resonance condition. 
Because of d i s p e n s i n g  w i t h  t h e  need of s i g n a l  i n j e c t i o n  i n  t h e  c a v i t y ,  o r  
modulation of the  cavity frequency, the proposed scheme has the apparently 
a t t r a c t i v e  f e a t u r e  of au to- tuning  t h e  cavi ty  without adversely inf luensing 
the  maser performance. It is  c lear ,  however, t h a t  the implementation of t h i s  
t e c h n i q u e  i n  t h e  hydrogen maser r e q u i r e s  care t o  i n s u r e  e f f e c t i v e  t u n i n g  
without disturbance of the maser performance. I n  par t icu lar ,  l i g h t  coupling 
of t h e  E and H probes requires  low noise amplif iers  wi th  l i t t l e  s e n s i t i v i t y  
t o  t e m p e r a t u r e  v a r i a t i o n s .  The p o s i t i o n  of t h e  probe8 i n  t h e  c a v i t y ,  and 
with respect t o  each other,  should a l so  be carefu l ly  chosen t o  ensure maximum 
s igna l  with minimum disturbance t o  the maser power. 
Preliminary invest igat ions i n  our laboratory, however, has yielded promising 
r e s u l t s  f o r  t h i s  technique, We a r e  a l so  invest igat ing probe configurations 
and s e n s i n g  schemes t h a t  w i l l  e n a b l e  khe implementa t ion  of t h i s  t e c h n i q u e  
e f fec t ive ly ,  i n  newly designed and ex is t ing  masers. 
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Fig. 1 Normalized cavity input impedance versus frequency 
presented on a Smith chart. 
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